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Chapter I 

In t roduct ion  

itobert E. Ilorton,in U.S.G.S. Plater Supply Paper ?lo. 200 (l)>*, 

c o l l e c t e d  a l l  t h e  data a v a i l a b l e  a t  t h a t  t ime  (1906) on t h e  sub jec t  

of weir  coefficient.^. It was thought t h a t  dams, p a r t i c u l a r l y  dams 

forming m i l l  ponds i n  t h o  no r theas t e rn  s t a t e s ,  could be used as 

gaging s t a t i o n s  i n  determining t h e  d i s c h a r p !  of  va r ious  streams. 

I f  t h e  c o e f f i c i e n t  of d iecharge  of such dams were known, it would 

be necessary  only t o  determine t h e  !lead o r  depth of  water  flow- 

i n g  over  t h e  c r e s t ,  and then  t h e  d ischarge  might be computed. No 

currentmeter  r a t i n g  of t h e  gaging s t a t i o n  needed t o  be made, and 

i n  t h e  case  of l a r g e  f loods  it would no t  be necessary t o  extend 

t h e  rating curve. Also t h e  gaging s t a t i o n  would no t  be subject 

t o  scour  and depos i t ion .  

While t h i s  rnuch used r e p o r t  presented a v a i l a b l e  d a t a  at t h a t  

t i n e  i n  'XI exce l l en t  style, a d d i t i o n a l  d a t a  nnd a d i f f e r e n t  

method of a n a l y s i s  change t h e  r e s u l t s  obta2ned f o r  c o e f f i c i e n t s  

of d ischarge  f o r  rounded c r e s t  weirs.  The term ttro*mded c r e s t u  

i s  used r a t h e r  than the  misused term l1ogee" which r e f e r s  t o  a 

reverso  curve. The ogee curve i s  not  n e c e s s a r i l y  i n , t h i s  type  of 

c r e s t ,  but  it i s  u s u a l l y  present  due t o  t h e  downstream f a c e  of t he  

darn joining t h e  p r o t e c t i n g  apron i n  a c i r c u l a r  curve, t h u s  forming 

a reve r se  curve. The rounded c r e s t  i s  one i n  which t h e r e  is  some 

degree of curva ture  on e i t h e r  s i d e  of the  c r e s t ,  Here t h e  word 

u c r e s t H  r e f e r s  t o  t h e  crown o r  h ighes t  poin t  on t h e  weir. The 

term Itrounded c r e s t t 1  excludes t h e  broad c r e s t s  which have been 

r e c e n t l y  brought up-to-date by Professor  Woodwerd (18). 

*Small nunorals i n  pa ren thes i s  r e f e r s  t o  re ference  number i n  
Biblio!graphy at end o f  t h e s i s .  



coefficient of d ischarge  i n  t h o  design of spillwirys f o r  darns. 

When t h e  he ight  of t h e  dam i s  increased  a small increment, it 

r e s u l t s  i n  a r e l a t i v e l y  h u g e  amount of s torage.  The amount 

of m a t e r i a l  needed t o  inc rease  t h e  h e i z h t  of the dam i s  usually 

l n rgc ,  s i n c e  it must bn added t o  t h e  base of t h e  dm.  These 

consir iernt ions mike it desircible t o  be able t o  pass t h e  maximum 

f lood over t h e  c r e s i  of t h e  darn with a minimm head. To do 

t h i s  e i t h e r  t h e  length  of c r e s t  o r  t h e  c o e f f i c i e n t  may be 

increased.  Cases i n  uhich the c r e s t  has been lengthened t o  

n e a r l y  a maximum a r e  Keokuk llam and Grand Coulee Darn, which 

haveover one-fourth mile  of  c r e s t  length .  P r a c t i c a l  cons ide ra t ions ,  

such as t h e  l o c a t i o n  of powerplants, width of  damsites,  s u i t a b l e  

condi t ions  f o r  t h e  d i s s i p a t i o n  of t h e  energy of t h e  overflowing 

stream, and c o s t  of ga t e s ,  p i e r s ,  and p r o t e c t i n g  aprons, l i m i t  

t h e  length  of  t h e  c r e s t .  

Any inc rease  i n  c o e f f i c i e n t  of d ischarge  i s  of economical 

importance. For example, Grand Coulee Dam was first designed wi th  

12  ga te s ,  135 f e e t  long. After cons iderable  experimenting on t h e  

shape of crest it was poss ib l e  t o  inc rease  t h e  c o e f f i c i e n t  from 

3.56 t o  3.88, an i n c r e a s e  of 9.0 percent ,  t h u s  e f f e c t i n g  a saving 

of t h e  c o s t  of one gate and p i e r ,  and making a v a i l a b l e  a d d i t i o n a l  

space f o r  powerplant. This  i nc rease  i n  c o e f f i c i e n t  might have been 

used t o  inc rease  t h e  s to rage  by 2.30 f e e t  o f  a d m  without ga t e s ,  

o r  t o  decrease t h e  he igh t  of g a t e s  by t h e  same amount. 

'&en dams were first b u i l t ,  t h e  f a c t o r  of major importance 

bras t o  ge t  a dam of such a cross-sect ion t h a t  it would stand up, 
Consequently, dams were first i r r e g u l a r  i n  shape wi th  usually 

sha rp  o r  f l a t  c r e s t s  being somewhat triangular in profile. As 

t h e  importance o f  o the r  f s c t o r s  became knovm t h e  c r e s t s  were 

nodi f ied .  The coe f f i c i en t sob ta ined  from these  first dams were 

e r r a t i c  ,and any a q a l y s i s  of them i s  d i f f i c u l t .  I t  i s  l a t e r  shorn 

t h a t  c o e f f i c i e n t s  from such i r r e g u l a r  shapes are more d i f f i c u l t  

t o  analjrse, and t hey  d e v i a t e  by a g r e a t e r  amount from bcrre curves 

t h a t  ni::ht be cons t ruc ted .  Any d m  b u i l t  i n  t h e  f u t u r e  w i l l  be 



s e c t i o n  of t h e  dams w i l l  all be similar which w i l l .  f n c i L i t n t o  

t h e  a n a l y s i s  of t h e  c o c f f i c i e n t  and decroase  t h e  dovia t ion  from 

the base curve. Mzny of t h e  c n r l y  dams developed excess ive  

pressure, while  vacuTms e x i s t e d  in o the r  places. The excess ive  

yressuras  were not troublesome, but  the vacuums were likely t o  

cause d i s i n t e g r a t i o n  of t h e  concre te ,  i nc rease  pressure on t h e  

upstrcar;~ faco of t h e  dam by reduct ion  of back pressure, and most 

dxngerous v i b r a t i o n s  might be caused by t h e  forming and breaking 

of such vacuums. Conaiderat ian of the pressure  problem leads t o  

filling i n  with masonry of t h e  a r e a  underneath t h e  nappe shape 

produced by t h e  same quantity of water f lov ing  over  zl s h a r p  crest 

weir.  It was thought t h a t  a l i t t l e  extra masonry should  be added 

t o  t b  : downstrearc f ace  i n  o rde r  t o  make s u r e  t h a t  no vacuum would 

form. 



Factors  affect in^ t h e  Coef f i c i en t  of Dischar[!e 

As would be expected, t h e  shape of t h e  c r e s t  has t he  nlost 

i n f luence  on t h e  d issharge  c o e f f i c i e n t .  The po r t ion  of t h e  weir  

upstrcnm from t h e  c r e s t  i s  t h e  most c r i t i c a l  and should r e c e i v e  

the  most a t t e n t i o n .  I n  t h e  past  much e f f o r t  has been put f o r t h  

t o  develop parabol ic  equat ions with o r i s i n  a t  t h e  c r e s t  (h ighes t  

poin t  of nappe), while very l i t t l e  e f f o r t  has bean made t o  pe r fec t  

a  curve upstream from t h e  c r e s t  i n  t h e  most c r i t i c a l  region. In 

many ciesigrls t h e  c r i t i c a l  region u p s t r c m  from t h e  c r e s t  has j u s t  

been m ~ d e  t o  appro;cimate t h e  nappe shape by using e i t h e r  a s lope  

o r  a radius ,  while  t h e  por t ion  of t h e  wei r  downstream from t h e  

c r e s t  has been very c a r e f u l l y  des i ,ped .  This  i s  a mistake as t h e  

emphasis on t h e  design of t h e  crest should , just be reversed. 

It has been demonstrated by Bnzin (9) and o t h e r s  (2), t h a t  

any v n r i z t i o n  i n  t h e  shape ups t rean  from t h e  c r e s t  w i l l  r e s u l t  in  

a change ir~ t h e  c o e f f i c i e n t  and t h e  pressure  d i s t r i b u t i o n  over  

t h e  weir. The l o g i c d .  way t o  design a c r e s t  shape i s  t o  decide 

on t h e  shape of t h e  upstreem por t ion ,  b u i l d  a  model of it, and 

mcasure the shape of t h e  nappe from t h i s  model, then fill i n  t h e  

space beneath t h e  nappe su r face  wi th  masonry. This method has 

been used w i t h  very gratifying r e s u l t s  both as t o  t h e  value of 

t h e  c o e f f i c i e n t  rrnd t h e  pressure  d i s t r i b u t i o n .  Designers w i l l  

do we l l  t o  be very c a r e f u l  i n  f i t t i n g  t h e i r  rounded c r e s t  we i r s  

t o  t h e  nappe shape from a sharp  c r e s t  wei r  i n  t h e  c r i t i c a l  reg ion  

where t h e  nnppe sp r ings  free from t h e  crest. Fxperiments have 

l end  some t o  be l i eve  t h a t  t h e  nnppe does not; s p r i n g  f r e e  from t h e  

upstream edge of t he  weir ,  but due t o  su r face  t e n s i o n  sp r ings  free 

a s h o r t  d is t 'mce  downstream. These experiments were on very s m a l l  

models where su r face  t ens ion  f o r c e s  might become s i g n i f i c a n t  com- 

pared t o  t h e  small  head. A s  t h e  head i n c r e a s e s  t h i s  e f f e c t  is  



rounded c r e s t  model, it would no t  a f f e c t  t h e  ahape of i t s  

prototype. 

Various arr:lngem~nts of s lope  i n  t h e  c r i t i c a l  reg ion  o f  

rounded c r e s t s  have bean t r i e d .  In  Water Supply Paper No. 200, 

a s lope  i n  t h e  upstream s i d e  of a rounded c r e s t  was found t o  

change t h e  c o e f f i c i e n t .  This  s lope  extended from t h e  c r e s t  

upstream a shor t  d i s t ance ,  te rminat ing  in c v e r t i c a l  face. A s  

t h e  slope f l a t t e n s  t h e  c r e s t  shape approaches a broad c r e s t  weir  

with a correspondingly low coefficient, and as t h e  s lope  s teep-  

ened t h e  c r e s t  shape would come nearer f i t t i n g  a nappe shape with 

t h e  r e s u l t i n g  increase  i n  the  c o e f f i c i e n t .  Creager (:), has  

proposed a c r e s t  shape with a 1:l slope,and t e s t s  conducted in 

Russia  have shown t h a t  t h e  c o e f f i c i e n t  of d ischarge  may be in- 

c reased  by 2.5 percent  over t h a t  of h i s  v e r t i c a l  f a c e  weir. 

However, experiments by D i l l m a n  (7), with t h e  same type  of  w e i r ,  

have f a i l e d  t o  show my i nc rease  i n  c o e f f i c i e n t .  The above 

s lopes  have terminated i n  a v e r t i c a l  f a c e j  t h e  s lope  t h a t  extends 

from t h e  region o f  t h e  t o p  of t h e  crest t o  t h e  f l o o r  always seem 

t o  reduce t h e  c o e f f i c i e n t .  Experiments conducted by M r .  I. A. , 

Winter (26) for Alabaiia Power Conpany, with a p e r f e c t  shapod 

rounded c r e s t ,  showed t h a t  with t h e  wei r  f a c e  i n c l i n e d  55" with, 

t h e  f l o o r ,  t h e  c o e f f i c i e n t  was decreased by 3.3 percent .  Some 

dams have overhanging c r e s t s  i n  o rde r  t o  accommodate l a r g e  p i e r s ,  

arum g a t e s  i n s t a l l e d  in t h e  c r e s t  i t s e l f ,  and a l s o  t o  i n c r e a s e  t h e  

s t a b i l i t y .  Tes t s  by t h e  U. S. Bureau of Reclamation have shown 

t h a t  t h i s  overh:~ng does not apprec iably  a f f e c t  t h e  c o e f f i c i e n t  and 

have been conf i rned  by experiments (2)  a t  Massachusetts I n s t i t u t e  

of Technology. 

The po r t ion  of t h e  rounded c r e s t  weir  downstrean f r o n t h e  c r e s t  

has received t h e  most a t t e n t i o n  due t o  cons ide ra t ion  of negat ive  

pressure  and h i g h  v e l o c i t i e s .  Th i s  por t ion  of  t h e  wei r  does no t  

i n f luence  t h e  c o e f f i c i e n t  as ruch as t h e  upstream port ion.  In f a c t ,  



i n t o  t h e  nnppe and y e t  t h e  c o e f f i c i e n t  has not suf fered .  i.ihen 

t,here i s  a r a d i a l  o r  Stoney ga te  on thi! c r e s t  under which t h e  

water passes, i t  is  common p r a c t i c e  design t h e  d o m s t r e a a  

por t ion  o f t h e  c r e s t  so  t h a t  t h e  j e t  of t h e  water,under f u l l  

heud from a nea r ly  c losed  ga te ,  will not  t end  t o  s p r i n g  f r e e  

from t h e  mcrsonry,and t h e r e  r d l l  be no reg ions  of negat ive  pres- 

sure.  This  n e c e s s i t a t e s  a much f u l l e r  c r e s t  shape than  d i c t a t e d  

by t h e  nnppe shape from a sharp c r e s t  weir. 

I f  t h e  nnppe shspe from t h e  sharp c r e s t  weir  i s  measured 

v e r t i c a l l y ,  it will be found t h z t  t he  c r i t i c a l  depth (where 

v e l o c i t y  head equals  one-third of  t h e  t o t a l  head o r  depth o f  

water  equ;ils two-thirds of t h e  t o t a l  head) occurs  downstream 

f r o n  t h e  v e r t i c a l  frtce a d i s t ance  of .63 of t h e  head measured 

ebove t h e  highest  po in t  of t h e  nappe. A t  t h e  h ighes t  point  of 

t h s  nappe t h e  depth i s  equal  t o  -75 of the  head. From n consid- 

e r a t i o n  of t h e  phenornean o f  c r i t i c a l  d e ~ t h ,  any change i n  shape 

below t h e  poin t  where c r i t i c a l  depth t akes  place cannot produce 

a pressure  wave o r  back wnter up s o  t h a t  it w i l l  e f f e c t  t h e  depth 

over  t h e  c r e s t ,  and t h u s  decrease  t h e  c o e f f i c i e n t .  The reason 

f o r  t h i s  condi t ion  i s  t h a t  a pressure  wave t r a v e l s  w i t h  v e l o c i t y  

equal  t o  the square r o o t  of t h e  depth t imes t h e  a c c e l e r a t i o n  due 

t o  g rav i ty .  Since this i s  a l s o  the v e l o c i t y  c r t  c r i t i c a l  depth, 

a ~ y  pressure  wave generated below t h e  c r i t i c n l  depth w i l l  e i t h e r  

s tand  s t i l l  o r  move downstream. 

It i s  usuz l ly  s t a t e d  t h a t  a broad c r e s t  weir  begins t o  sub- 

mer,f;e when t h e  depth downstream i s  two-thirds of  t h e  t o t a l  head 

on t h e  weir. For z rounded c r e s t  weir t h a t  p e r f e c t l y  f i t s  t he  

lower su r face  of t h e  nappe f ron  s h a r p  c r e s t  weir ,  t h e  submergence 

w i l l  t a k e  plsceqwhen the  depth of water below t h e  weir is  j u s t  

equal  t o  t h e  depth o f  t h e  water at t h e  p o s i t i o n  of c r i t i c a l  head; 

t h z t  i s  .63Ho downstre:!n from t h e  v e r t i c a l  f a c e  o f  t h e  weir. 



t h e  c r e s t ,  t h e  depth o f  t h e  t a i l w s t e r  i s  found t o  be .600 of  t h e  

huad on t h e  weir  i n s t e a d  of .666 when it i s  equal  t o  t,he c r i t i c a l  

depth. 

The above d iscuss ion  is  based on t h e  assumption t h a t  t h e  

pressure  a t  any point i s  expressed by t h e  dep th  of water f lowing 

over t h a t  point .  This  condi t ion  of pressure  on t h e  f a c e  o f  t h e  

rounded c r e s t  weir  w i l l  not  e x i s t  \./hen t h e  strenmJine of f i l amen t s  

of water a r e  d iverg ing  o r  converging. FJor will it e x i s t  when t h e  

f i l a n e n t s  a r e  curved (36). In  t h e  case  of rounded c r e s t  wei rs  t h e  

fi1amer:ts a r e  curved and a l s o  a r e  converging due t o  acce le ra t ion .  

90th of t h e s e  a f f e c t s  t end  t o  reduce t h e  pressure  on t h e  fnce  of 

t h e  rounded c r e s t  weir. 

I n  submerging a rounded c r e s t  weir,  t h i s  pressure  reduct ion  

on i t s  fnce  is  lessened by t h e  r i s i n g  t n i l r r a t e r  which i n  t u r n  

decreases  t h e  v e l o c i t y  and i nc reases  t h e  head on t h e  weir.  By 

act,ual e;iperiments t h e  c o e f f i c i e n t  of discharge usuall .y begins 

t o  decrease as soon as the  t a i l w a t e r  i s  g r e a t e r  t h a n  t h e  e l eva t ion  

?f t h e  c r e s t .  The reduct ion  of' t h e  dischzrge c o e f f i c i e n t  i s  on ly  

Ir percent  tr?len t h e  depth of t h e  t n i l w a t e r  i s  .6O of t h e  t o t a l  

head on t h e  weir,  beyond t h i s  poin t  t h e  c o e f f i c i e n t  decreases 

r a p i d l y   wit!^ r i s i n g  t a i lv ra t e r ,  This  i l l u s t r 2 t e s  t h e  f a c t  t h a t  

 condition^ downstream from t h e  c r i + , i c a l  depth do not  apj l rociably 

a f f e c t  t h e  c o e f f i c i e n t ,  and ,also t h a t  t h e  p o s i t i o n  of t h e  c r i t i c a l  

depth wes reckoned,, nea r ly  c o r r e c t l y  above. 

The above d iscuss ion  i s  based on t h e  suppos i t ion  t h a t  t h e  

c r i t i c a l  depth trill remain s t a t ions ry .  J u s t  how much e f f e c t  t h e  

pressure  reduct ion,  due t o  curving and converging of t h e  stream- 

l i n e s ,  has on t h e  pos i t i on  of t h e  c r i t i c a l  depth i s  c o t  known. 

It i s  be l ieved  t h a t  it w i l l  hzve very  l i t t l e  s i n c e  t h e  c r i t i c a l  

depth was loca ted  on t h e  nappe shape from a sharp  c r e s t  weir  where 

t h e  pressure  a t  t h e  lower-sur face  i s  zero. 



p o s i t i o n  of t h e  c r i t i c d  depth l.s mov~d ciohnstream, t h e n  con- 

liiti.ons upstrc:lm from it bu%- y e t  dovrristrttnm from t h e  c r e s t ,  

a r c  a b l e  t o  produce waves which w i l l  e f f e c t  t h e  i '1.o~ over  t h e  

c r e s t .  Since t h o  cr i t ic ;Ll  depth usual.ly occurs  a s h o r t  d i s t a n c e  

downsLroan! t'rorn t h e  c r e s t ,  t h e  masonry of t h e  weir,  downstream 

from a poin t  a d i s t m c e  equal  a: proxirmtcly t o  t h e  head on t h e  

weir ,  m1.y pro.ject i n t o  t h e  nappe snape without reducing the  

coef f i c  i e n t  of discharc:e. I f ,  however, t h e  masonry p r o j e c t s  

i n t o  t h e  nappe shape above t h i s  !:oint enough t o  cause  t h e  posi-  

t,ion of t h e  c r i t i c a l  deytl: t o  move downstream, t h e  c o e f f i c i e n t  

w i l l  1ikel.y he decreased. 

The !leiat o f  t he weir c r e s t ,  t h a t  is ,  the  depth o f  t h e  

approach channel,  has on e f f e c t  on t h e  c o e f f i c i e n t  of  d ischarge .  

This f a c t o r  h::s been d iscussed  at  length  i n  connect ion wi th  the 

discharge  over  sharp  c r e s t e d  wei rs ,  and var ious  methods have been 

used t o  c o r r e c t  f o r  t h e  f a c t o r  in t h e  fo rnu la  far discharge .  

!4hen t h e  he igh t  of  t h e  m i r  o r  dam i s  y e a t ,  t he  head on t h e  c r e s t  . 
expresses  t h e  t o t a l  ener,gy, but when the  weir  i s  low i n  a d d i t i o n  

t o  t h e  head, t h e  k i n e t i c  e n e r ~ 7  of t h e  approac?~irlg water  must be 

considered.  The a u t h o r  b e l i e v e s  t h a t  i n  comput i?g t h e  d i s c h c i r ~ e  

f o r  both sharp zncl rounaad c r e s t  we i r s  t h a t  t h e  head p lus  v e l o c i t y  

head should be used. The v e l o c i t i e s  i n  t h e  approach channel  a r e  

nevgr equal ,  and t h e  k i n e t i c  hend i s  always g r e a t e r  than  t h e  

v e i o c i t y  head computed on t h e  besis of  mean v e l o c i t y  o f  approach 

(beins obta ined  by d iv id ing  t h o  d iuchar  ,e 'ny t i le c ros s - sec t ion  

a rea  of  t h e  approkch channel).  0x1; i n  t h e  case where t h e  approach 

v e l o c i t y  i s  u n i f o v ,  throu&out t h e  cross-sect ion of  t h e  nppmach 

channel  i s  t h e  k i n e t i c  energy equal t.9 t h e  ve loc i ty  head based on 

the  mean ve loc i ty .  If a dimenvionless c o e f f i c i e n t  a be introduced 

t o  c o r r e c t  t h e  mean v e l o c i t i e s  s o  t h a t  they  w i l l  e i v e  t h e  c o r r s c t  



The value of a w i l l  depend upon t h e  r e l a t i v e  s i z e  of t he  

s e c t i o n s  with low and hiqh ve loc i ty  which go t o  make up t h e  noan. 

If the  ve loc i ty  v a r i e s  from zero a t  t h e  bottom of  t h e  approach 

chisnnel unirorrnly t o  a maximum a t  t h e  sur face ,  t h e  value of a 

i s  2. Schroder ( 3 5 )  has  shown by e x p e r b n t  t h a t  t h e  c o e f f i c i e n t  

of discharge i s  appreciably affected by t h e  r a t i o  of  t h e  mean 

v e l o c i t y  exLsting below t h e  c r e s t  t o  t h a t  above t h e  c r e s t .  By 
v a r i o u s  derivations found in comon t e x t s ,  the t h e o r e t i c a l  m y  

t o  c o r r e c t  f c r  v e l o c i t y  of approach i s :  v 

See F i ~ a r e  1. f o r  explanat ion  of sy-bols. Where ho i s  t h e  

~ x a s u r e d  head above the c r e s t  and Ho is t h e  head used in u s u d  

weir formula: 

An irlspection shows t i ta t  t he  discharge is  g r e a t e r  than  i f  t h e  

measured head ho i s  used i n  t h e  formula and i s  less  than  i f  t h e  

measured head p lus  t h e  v e l o c i t y  head (ho + ha> was used. 

For rolrnded c r e s t  weirs ,  s ince  it is impossible  t o  eva lua te  

t h e  ?ac tor  a given v a r i o u s l y  a s  1.05 t o  i . 3 k  f o r  usual. condi t ions ,  

it i s  believed r n t i o l l a l  t o  use a.  1 f o r  g e n e r l l  p u r p s e s .  To 

con!pensate somewhat for  this reduct ion i n  a t h e  l a s t  t e rn  o f  

r h o  + h,)3/2- h,3/?] 2'3 i s  dropped so t h a t  f o r  t h e  t o t a l  head 

we have : 
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S H A R P  CREST W E I R  ROUNDED CREST W El R 
NOMENCLATURE AND SYMBOLS 

hS: Measure head on sharp crest weir. C =Measured length o f  weir. 
Hs: Total head on sharp crest weir. (hs+ ha) L = Effect ive length of weir. 
p = Height of sharp crest weir. ho= Measured head on rounded crest weirs. 
E = Highest o o i ~ t  of noppe shape measured vertically Ho= Total head on rounded crest weirs. 

above sharp crest weir. P = Highest point of rounded crest weir above floor. 
C,: Goeificient of oischorge for shclrp crest weir in Q = C ~ L  H: 'C = Coeff is ient  of d'schorge for rounded crest weirs i n  Q =  GL;~ or in 

FOR BOTH T Y P E S  OF WEIRS a=  GL (ho + haIt'(does not include velocity of approach.) 
3' 

Q = Quantity of d~sdharge. K a  Coefficient of  discharge for rounded crest weirs in O = K L ~ ~  

L = Length of crest. (includes velocity of approach.) 
72 

A - Gross section areo of approach channel. CT*Theoreticol coefficient for rounded crest weir. CT in a: G,L H,. 

V = Velocity o f  approach.= 3 HtHead  i n  t e rms  o f  ho which produces best f i t t i ng  nappe shape 
hot Veloctt y head of approach. for cross'section of rounded crest weir. 
g z Acceleration due to gravity used t s  32.16. V y  Ratio of coefficient for low rounded crest weir t o  coefficient for 
C€=Ernpir~col coefficient applied t o  to give k i  netic head. rounded crest weir with P = a .  

where v. IS the mean veloc& in the approach channel. I + $  = $ - = ~ a t i o  of coefficient with velocity of approach t o  coefficient 
L= D~mensionless coefficient in a:%- L H: cr a = ' h q  C L ~ ~ z  without  velocity of approach. 

35 
FOR WEIRS WITH END CONTEACTlONS Ks=Coefficient of  discharge for sharp crest weir in  a= K,L~, 

Ks includes velocity of approach. 
N = Number of end contractions. 



Thus i f  the  he ight  of  the weir i s  .4 o f  t h e  llczd, o r  ha n . lo  
then a = 1.13 f o r  t h e  t h e o r o t i c n l  co r rcc tod  measured head t o  

equal tl0 .+ Vrn . This i s  not o u t  of  mason  f o r  a low weir  i .:i 
where t h e  d i f f e r e n c e  i..n v e l o c i t y  n u s t  be s c a t  due t o  t h e  

r e l a t i v e  low v e l o c i t y  c r l o n ~  the  bottom of t h e  approach channel. 

In add i t ion  t o  t h e  v e l o c i t y  of approach a f f e c t i n g  t h e  energy of 

t h e  strecm of  water  passine over  t h e  c r e s t ,  the shape o f  t h e  

nnppe i t s e l f  is  changed. Xith a n  i n c r e a s e  i n  t h e  v e l o c i t y  head 

there  i s  a f l a t t e n i n g  of the nappe shape. Thus a c r e s t  shape 

designed Tor no v e l o c i t y  of approach w i l l  no t  f i t  t h e  nappe 

shape produced by a low sharp c r e s t  weir. This  change in shape 

inf luences  both t h e  pressure  d i s t r i b u t i o n  over  t h e  row.ded c r e s t  

and t h e  coef f l c  ient. 

The shspe and s i z e  of t h e  approaci~ channel  modify t h e  

coef f ic ien t ,  of  d ischsrge .  If  the channel  i s  lony: and shal low 

in a d d i t i o n  t o  the above m o d i f i c a t i h  t o  t h e  c o e f f i c i e n t ,  t h e r e  

i s  t l ~ e  f r i c t i o n  l o s s  due t o  the  long  channel  and en t rznce  t h a t  

w i l l  be included i n  tohe  usua l  cocf f ' i c icn t .  A g r e a t  numbor of 

ea r th  .lams have been b u i l t  of l a t e  y e w s .  It i s  impossible t o  

t o  s p i , l l  t h e  f loodwater  over t h e  t o p  of  them because of harmful 

e r r o s i o n  a t  t h e  t o e  of t h e  dm; wa te r  i s  u s u a l l y  c a r r i e d  around 

one end i n t o  an ccij:.icent creek o r  some d i s tnnce  downstream, so 

RG not t o  endmger t h e  e a r t h  toe.  This ffchuteff  type of  spi l lway,  

due t o  its pecu l i a r  locnt ion ,  o f t e n  has a long approach channel  

terminated by a low rounded c r e s t  weir, and con t ro l l ed  by a s e t  

of gates. Thi s  type of rollnded c r e s t  d i f f e r s  rnnrkedly from t h e  

one which i s  s i t u a t e d  a t  t h e  t o p  of m o v a r f l a r  concre te  dam 

sec t ion  hundreds of feet high. I n  one c a s e  t h e  he ight  o f  w e i r  i s  

only about one-half t o  one-f if th  of t h e  ~ x c i m u m  head, w d  iri t h e  

l a t t e r  i t  i s  o f t e n  t e n  t i r nes  t h e  mrrxinlwn I~eed. If t h e  shape of 

t h e  crber;ts a r e  similar and t he  s m e  f o r m l a  f o r  discharge Is used, 

it i s  desirable t h a t  t h e  same coefficient be used by applying so.* 



modif ica t ions ,  The f r i c t i o n  l o s v  i n  t h e  approach channel  i s  

small  s i n c e  t h e  lenc:th o f  i t  i s  n o t  !:rer?t; however, t h e  
\ 

entznnce l o s s  i n  t h e  l f i n l e t f l  t o  t h e  g a t e  s t r u c t u r e  miy reduce 

t h e  maximum discharge. The increeve  i n  c a s t ,  due t o  excavat ion 

f o r  sp i l lway gnte  s t r u c t u r e s  i n  connection with t h e  e a r t h  dm, 

n e c e s s i t a t e s  t h e  f l i n l e t f l  being made as small  as poss ib le ,  m y  

times reducing t h e  c o e f f i c i e n t  of d ischarge  by as much as 7 

percent .  Yecause of  t h e  v a r i e t y  of i n l e t s  used it i s  impossible  

t o  c o r r e l a t e  t h e  d a t a  and s e t  a va lue  f o r  reduct ion  i n  coef- 

f i c i e n t s .  Large l o s s e s  i n  " i n l e t f t  a r e  confined t o  s t r u c t u r e s  

where t h e  he icht  of t h e  weir i s  equal  t o ,  o r  l e s s  than,  t h e  head 

over t h e  weir.  

The i n l e t  l o s s  corresponds t o  a type  of cont rac t ion .  For 

ronnded c r e s t s  i n  genera l  t h e  con t rnc t ions  are uriunlly completely 

suppressed o r  a t  l e a s t  pr r r t in l ly  so; t h e r e  is seldom a square 

cornered e ~ l t r a r ~ c e .  Contract ions are b e s t  taken  c a r e  of by con- 

s i d e r i n g  i f  p i e r s  a re  present  and whether t h e  z z t e s  ope ra t ing  a r e  

ad jacent  o r  a l t e r n a t e .  Consequ.?:ltly an a n a l y s i s  w i l l  i d e n t i f y  

t h r e e  s t a t e s  of  rounded c r e s t  weirs. (1n t h i s  t h e s i s  t h e s e  t h r e e  . 
cond i t ions  of d ischarge  a r e  designated as "At4 ,  nDv, and Wn).  At 

t h e  ends of tt ie spi1lv:ay c r e s t  t h e  approach w i l l  i s  always we l l  

rounded s o  tl!nt t h e  u.rual cont,raction f o r m l a  of L = (LI-O.lN ho) 

i s  not  app l i cab le ,  s ince  i t  a p p l i e s  t o  square cornered ent rances .  

L i s  t h e  e f f e c t i v e  l e n ~ t h  of  weir, Ll i s  t h e  measured l e n g t h  and 

M i s  the  number of cont rac t ions .  

S o ~ e  opinions have been advanced t h a t  t h e  magnitude o r  s ize 

of a rou!~ded c r e s t  weir  a f f e c t e d  t he c o e f f i c i e n t  of discharge,  

The d e t a  analysed by t h e  author  ranged from experiments on very 

s n l t i l l  s c a l e  models on which t h e  r a d i i  o f  t h e  curves of tihe c r e s t  

cross-sect ion were only  a f e w  inches  i n  l eng th ,  t o  measurement an 

l a r g e  dams like viilson where t h e  corresponding r a d i i  were as much 

a s  a hundred t imes as l a r g e .  No t r end  wzs observed i n  which t h e  

c o e f f i c i e n t  tended t o  i n c r e a s e  with s i z e  of c r e s t  cross-sect ion.  



a f f e c t  shape, w i l l  not change t h e  coef f ic ien t  of discharge by 

more than 2 percent. The coef f ic ien t  increases w i t h  head, but 

onlyas the ra t io  of head t o  c r e s t  size increrlses. Thus, il; is 
t 

possible t o  havo as la rge  a coefficient on a small sca le  model 

as on a large dam l i k e  Wilson, 



Chr.pter I11 

Shape of Cres t  

At ten t ion  has been c a l l e d  t o  importance of t h e  rounded 

c r e s t  conforming t o  t h e  underneath shape o f  nnppe fron! n 

sharp  c r e s t e d  weir.  To tho  a u t h a r l s  knoltledge no o t h e r  experi-  

nents  on t h e  shape of nappe from sha rp  c r e s t  we i r s  have been 

published s i n c e  Baz in l s  t ime (9) wi th  t h e  exception of  some 

meager d a t a  (13) gathered by Scimerni in  Padua, in I t a l y .  I n  

t h e  c r i t i c a l  reg ion  o f  t h e  sha rp  c r e s t  Scimeni 's d a t a  ag rees  

with Bazinls ,  bu t  f u r t h e r  down t h e  nnppe h i s  data forms a curve 

lying above Bazinls  nappe shzpe, Experiments by t h e  U. S. Uureau 

of Reclamation have been made t o  determine t h e  nappe shape, They 

were much more extens ive  and e l a b o r a t e  t h a n  Bazin ts  while t h e y  

d i f f e r  from his some d i s t ance  from t h e  c r e s t ,  y e t  i n  t h e  c r i t i c a l  

region from where t h e  ntippe sp r ings  f r e e  t o  beyond t h e  h ighes t  

por t ion  of t h e  nappe t h o  agreement i s  remarkable. 

W r .  I. A.  Hinter ,  workint; f o r  t h e  Alabma Power Company, 

performed a group of experiments (26). Since t h e s e  have no t  been 

published they a r e  r e g r d e d  es c o n f i d e n t i a l ;  however, t h e  c l o s e  

a{;reement i n  t h e  c r i t i c a l  region t ends  t o  s u b s t a n t i a t e  Dazinls 

nnppe shape. Eul)eriments by Mr.Rouse, f o r  a t h e s i s  a t  #. I. T., 

on sharp  c r e s t e d  weirs, have f u r t h e r  f ixed  t h e  exac t  shape of t h e  

nappe as be inc  t h e t  measured by Bazin. The nappe shape, both t h e  

upper su r face  and t h e  lower sur face ,  conforms t o  t h e  p r i n c i p l e s  

of dyn:mical and geometr ichl  s imi l i t ude .  The shape i s  a d i r e c t  

funct ion  of t h e  head on t h e  weir.  For example, t h e  shape of t h e  

ten-foot head may be accura t e ly  drawn by determining t h e  shape of 

a one-foot head and mul t ip ly ing  a l l  i t s  l i n e a r  dimensions by t en .  

The dixensions found f o r  a one-foot hesd with n e g l i g i b l e  v e l o c i t y  



coordina tes  are g iven  i n  t o m s  of head ho on t h e  rounded c r e s t  

i n s t ead  of head hs on t h e  sharp  c r o s t  weir. The tr;lnsform:xtion 

i s  e f f e c t e d  as fol lows:  

ho = hs - E See Figure  1. 

& v e r t i c a l  d i s t a n c e  that t h e  h izhes t  poin t  of t h e  nnppc o r  

crown of t h e  rounded c r e s t  weir i s  above t h e  sharp  c r e s t  of a . 
t h i n  edged weir.  For ne;?li;?iblc v e l o c i t y  of approach: 

fi; = .112 Hs and ho = Ho, hs = Hs 

then  Ho = Hs (1.000-.112) = .U88 H, o r  

H, = 1.125 Ho ---------------,------ 5 .  

In  terms of  dimensionless numbers t a k i n g  t h e  o r i g i n  a t  t h e  

upstream edge of a sharp  c r e s t  weir:  

A l l  of t h e  coordin;ites f o r  a sha rp  c r e s t  weir are mul t ip l i ed  

by 1.125 t o  get t h e  coordinate  i n  terms o f  t h e  head Ho on a round 

c r e s t  w e i r .  

Several at , tex?ts  have beer1 made t o  de r ive  an equat ion f o r  t h e  

under s i d e  of t h e  nappe ohape; however, all equat ions  omit t h e  

c r i t i c a l  por t ion  of  t h e  nnppe shape between t h e  po in t s  where it 

sprini;s f r e e  from the s h a r p  crest, :in6 t h e  h ighes t  po in t  on t h e  

nappc. When the o r i g i n  i s  taken a t  the  higtlest po in t  on t h e  lower 

sur f :~ce ,  t h e  equat ion  

Y = 0.485 X 15/0 -------- 8. 

approximately s imilrr tes  t h e  low sur fnce  rind i s  convenient t o  use. 

Ho i s  t h e  head oq a rounded c r e s t  w e i r  wi th  n e g l i e i b l e  v e l o c i t y  of 





approach. When t h e  v e l o c i t y  head of  approach becorres more than  

one-half of 1 percent  o f  t he  to ta l .  head, t h e  nappe shape w i l l  

f a l l  outaside t h i s  curve. When water IZows over a rounded we i r  it 

uill e x e r t  some pressure upon it. This  p re s su re  may be p s j t i v e  

o r  negat ive  (vacuum), and t h e  s i g n  o f  t h e  pressuro may be d i f f e r e n t  

at va r ious  pos i t i ons  on t h e  c r e s t .  

On Page 7 it was found t h a t  the  pressure  on t h e  face  of a 

rounded c r e s t  weir  i s  determined by t h e  depth of t h e  water over  

ar~y poin t  cmd by t h e  convergence and c7~xvature of  t h e  s t r e m i l i n e s  

above t h a t  poin t ,  The magnitude of t h e  dopth produces a p o s i t i v e  

pressure,  while  t h e  concave curva ture  of t h e  s t reaml ine  produces 

negat ive pressures ,  and converging s t r e d i n e s  due t o  a c c e l e r a t i o n  

a l s o  produce negat ive  pressures.  The sha rpe r  t h e  degree of curva- 

t u r e  and t h e  g r e a t e r  t h e  angle of conver3ence of  t h e  s t reamline,  

t h e  g r e a t e r  t h e  negat ive pressure  w i l l  be. In genera l ,  t h e r e  a r e  

f i v e  d i f f e r e n t  cond i t ions  o f  pressure d i s t r i b u t i o n  which a f f e c t  

t h e  c o e f f i c i e n t  of discharge.  See Figure  3. 

Condition I. The nappe my  adhere t o  t h e  sur face  of t h e  - 
weir  and e x e r t  a preaaure on it, i n  which c a s e  t he  c o e f f i c i e n t  

w i l l  never  be g r e a t e r  than  3.98 and may be l e s s  than 3.08 i f  

t h e  f r i c t i o n  l o s s  i n  t h e  approach channel and o t h e r  l o s s e s  i n  

t h e  " i n l e t "  a r e  l a r g e  compared t o  t h e  head, This  i s  t h e  

condi t ion  under which t h e  designed rounded c r e s t  weir  should 

u s u a l l y  ope ra t e ,  on ly  r e n c h i n ~  Condition 11 a t  maximum discharge.  

Here t h e  pressure  caused by t h e  dopth of water i s  l a r g e r  than  

t h e  reduct ion  i n  p res sa re  caused by t h e  curva ture  and conver- 

gence of  the s t reaml ines .  

Condition 11. The nappe may adhere t o  t h e  c r e s t  s u r f a c e  

and e x e r t  no pressure  upon it except on t h e  v e r t i c a l  face. 

This condi t ion  w i l l  on ly  ocGur Ff t h e  rounded c r e s t  i s  p e r f e c t l y  

rshaped f o r  t h a t  p a r t i c u l a r  quar i t i ty  of  water pass ing  over  it, 

The reduct ion  of pressure  due t o  cu rva tu re  and convergence of 



of water.  Resardless of what head they  oyer2it.e under, most 

rounded c r e s t  weirs w i l l  not experience t h i s  condit ion.  

b.'j.th n e g l i g i b l e  volocity of approach t h o  coeffic3.er.t i s  

3.98 and is  founded as fol lows:  

Discharge per  f o o t  of c r e s t  of a sha rp  
c r e s t  w e i r  i s  

C, i s  taken  ca equal  t o  10/3. Experiments by t h e  U. S. Bureau 

o f  l i ec l am~t ion  found t h i s  value t o  be approximately c o r r e c t  

f o r  values of  Ha equcl from -94 t o  -70. The head above 
H, + P 

h ighes t  point  of nepp is ho = h, - $ o r  ho = hs (1 - ) 
h, 

but fo r  n e g l i g i b l e  v e l o c i t y  o f  approach E , .112 and 
h 8 

ho = H, and h; = HH,. 

c hen Ho = -888 HS = Hp 

a = 3,977 tip?/2 ---- 10. 

That i s  C e  = 3.98 

Condition 111. The nappe may adhere t o  t h e  c r e s t  and 

exert a neeat.ive pressure  upstream fmm t h e  crest w i t h  p u s i t i v e  

pressure  downstream. Under t h e s e  condi t ions  t h e  c o e f f i c i e n t  of 

d i scha rge  i s  u s u a l l y  less than  3.98; however, i f  t h e  negat ive  

p res su res  are excessive and t h e  p o s i t i v e  pressures  downstrean, 

::re smal l  t h e  c o e f f i c i e n t  m y  be l a r g e r  than 3.9e. Under this 
condi t ion  t h e  sharp degree of czrvoture  of t n e  s t r eaml ines  

upstreem from the  c r e s t ,  cause t h e  reduct ion i n  pressure t o  be 

greater t h a n  t h e  s t a t i c  depth. Downstream from-the c r e s t  t h e  

static depth i s  g r e z t e r t h a n  the reduct ion  i n  pressure.  





Ctindition 1'1. The nappe may adhere t o  t h e  c m s t  and 

e x e r t  a tlog,?tive pressure  upsbzem n ~ d  downstre'm. If of t en  

happens t h a t  i n  t h e  c r i t i c ~ 2  rogion of t h e  c r e s t  t h e  pressures  

arc ne:;,?tive ?-nd then  downstrean! f r o m  t h e  c r e s t  q u i t e  a d i s t a n c e  

t h e  pressure  becomes p o s i t i v e ,  such cases  are a l s o  l i s t e d  under 

Condition I V ,  s i nce  it i s  t h e  d j . s t r ibut ion  i n  t h e  c r i t i c a l  

reg ion  t h a t  h a s  t h e  !;reatest efrect  on t h e  c o e f f i c i e n t .  Here 

the reduct i on  i n  pressure due t o  curva ture  and convergence of  

streamlines completely cont ro l ,  being nluch l a r g e r  than  t h e  s t a t i c  

p ~ e s a u r e  due t o  depth of water.  In order  f o r  n e p t i v e  pressures  

t o  e x i s t  dowrlstrerrm from t h e  c r e s t ,  t h e  nap:je must n o t  be 

a r e a t e d ;  s ince,  i f  j.t is, it w i l l  sp r ing  f r e e  fror?. t h e  c r e s t .  

T;lith negat ive  pressure  througtlout t h e  c r i t i c a l  r eg ion  t h e  coef- 

f i c i e n t  i s  always , ;reatcr t h a n  3.96. If t h e  nnppe sp r ings  f r e e  

from t h e  downstrear:; su r face  of t h e  c r e s t ,  t h e  c o e f f i c i e n t  k r i l l  

decrease,  approaching t h a t  f o r  a sharp  c r e s t  weir,  depending 

upon t h e  amount of roundin:? upstream from t h e  c r e s t  as shown 

by F t c l e y  and Stearns  (27). I n  t h i s  a r t i c l e  it states t h a t  i f  
rn 

t h e r e  is any appreciable rou.11ding t h e  c o e f f i c i e n t  i s  g r e a t e r  

than t h a t  f o r  a sharp  crested weir. 

Th is  Corldition IV offers a rneans of inc reas ing  t h e  

c o e f f i c i e n t  of d ischarge  u n t i l  under favorable c o n d i t i o n s  it 

may reach t h e  value of 4.60; however, f o r  all v,dues above 

3.9s  t h e r e  will always be nega t ive  presoures. If t h e  head at  

which t h e  nappe shape sp r ings  f r e e  from .the c r e s t  be r e f e r r e d  

t o  a s  t h e  c r i t i c a l  head, then t h e  niaximurrl  negat ive  pressure  

be fo re  t h e  nappe sp r ings  f r e e  is  s a i d  t o  be four  t imes  t h e  

c r i t i c a l  head (7). With n brimmetric p r e s w r e  o f  30 feet of 

water  t h e  c r i t i c a l  head should not  be larger  than 7.5 f e e t ,  s o  

t h a t  dangerous cond i t ions  ( c a v i t a t i o n )  w i l l  not  r e s u l t .  These 

ficures aro based upon data obta ined  from a rounded c r e s t  

shaped t o  approximately f i t  t h e  underneath s u r f a o e  of t h e  nappe 

from a sha rp  c re s t ed  weir.  For i r r e g u l a r  shaped weirs t h e  

nega t ive  pressure  would be g r e a t e r .  



pressu re  upstre.m fpom t h e  c r e s t  but  exe r t  nagat iva  pressure  

downstrenm from t h e  cres+, . Kith  small. pooit;ive p res su re  

upst;roam 2nd l a rge  negat ive  pryssure  downstream t h e  coef- 

f i c i e n t  may be s l i g h t l y  g r e a t e r  than  3 .98 .  While w i t h  l a r g e  

p o s i t i v e  pressures  upstream, small negat ive  ones downstream, 

the c o e f f i c i e n t  will be l e s s  than  3.98. 

Yith any given rounded c r e s t  st~n?e, t h e  p res su res  w i l l  

vary with  t h e  helid on t h e  c r e s t .  If t h e  k1ea.d i s  increased  

t o  a 1;rge quant i ty ,  somowhere on t h e  c r e s t  the  pressure  will 

become rlogative. If t h e  n e ~ a t i v e  pressure  area occurs upstream 

f i r s t ,  n f u r t h e r  incraaoe  i n  head w i l l  a150 caase  a negat ive  

p res su re  downstream. ?hex t h e  negat ive  pressure  Secomes l a r g e  

eriough dorinstrc?am fro;. t h e  c r e s t ,  t h e  c o e f f i c i e n t  w i l l  become 

[ y o n t e r  than  3.98. 

When t h e  chznge in cut-vature on a rounded c r e s t  weir  occurs  

t o o  ab rup t ly  a r o l l e r  will form. This  i s  i l l u s t r a t e d  by t h e  

r o l l e r  forming just downstream from t h e  sharp upstream edge of 

a broed crpst,ed weir. The roller alltrays r e l i c v s s  neqnt ive  

pressure  which n i g h t  exist a t  that point ,  and when occur ing  

downstre;t5 from t h e  c r e s t  i s  r~ccolrpanied by a dec rease  i n  

coe f f i c i en t .  This f o rma t ion  of ro1let.s on i r r e g u l a r  shape 

c r e s t s  have t h e  effect of f i l l i n g  out  t 3e  c r e s t  t o  a more 

reLwlar cross-sect ion which  will b e t t e r  f i t  t h e  shape of the  

nappe from a shnrp c r e s t e d  w e i r .  



A cons idern t ion  of  above f a c t s  concerning p res su re  d i s t r i -  

bution suggests  tha t  if nappe shape be f i t t e d  t o  t h e  c ross-sec t ion  

of a rounded c r e s t  weir, it would be possible t o  p r e d i c t  t h e  

occurrmce of p o s i t i v e  o r  negative pressu re  a rea  and t h u s  determine 

something of t h e  value of t h e  c o e f f i c i e n t .  

A fmily of nappe snaped curves, F igure  2, was drawn up based 

on %he he ld  measured ahove t h e  rounded c r e s t  ho. By drawing t h e  

cross-sect ion of t h e  rounded c r e s t  weir  o r  dalr t o  a suitable s c a l e  

on t r a n s p a r e n t  paper, it ca? be compared w i t h  t h e  va r ious  nappe 

shz~es. For example, i f  t h e  family o f  curves, Figure 2, were 

drawn up t o  a scr?le of 1 irlch equals 10 fee t  md 5ne cross-sec t ion  

of t h e  rounded c r e s t  were drawn t o  a s c a l e  of 1 inch equals 50 f e e t ,  

then i f  t h e  heads producin ,~  the fsndly o f  nlppe curves were 
a 

m u l t i p l i e d  by 5, ( t h e  shapes remainin2 t h e  smznre) t h e y  will  give t h e  

heads t h a t  produce nappe shape on t h e  transparent drawing of  t h e  

c r e s t  cross-secti .on, t n a t  is  the  1 inch  equal8 50 f e e t ,  s c a l e  

drawing. By se l ec t in r :  t h e  proper  s c a l e  f o r  t he  cross-sect ion of 

the darn o r  weir,  a single finily of  nappe shape curvas can b e  made 

t o  compare w i t h  my c r e s t  s h q x  r ega rd le s s  of its actual size. 

It i s  found t h a t  fo r  :my weir cross-sec t ion  there was a nappe 

shape which f i t t e d  i t  bes t .  The head t ha t  prodlizes t h i s  best 

f i t t i n g  nappe shape i s  termed Hp. idhen the actual head on t h e  

rounded c r e s t  is  equal  t o  the head producing t h e  bes t  f i t t i n g  

nappe shape, t h a t  is Ho= Hp, t h e  ncrppe w i l l  exert the least pressure  

on t h e  c r e s t ,  i f  i r r e m a r  i n  shape t h e  negative pressure will 

approximately equal t h e  pos i t i ve .  Under t h e s e  cond i t ions  t h e  

coe f f i c i e r l t  of d i scha ree  w i l l  be c l o s e  t o  3.95. It i s  l o g i c a l  

t h a t  t he  c o e f f i c i e n t  f o r  any head or. a rounded c r e s t  weir would be 



t h e  best  f i t t i n g  nappe s h s p  . It i s  poss ib l e  t o  t a k e  any 

rounded c r e s t  weir ,  f i n d  tho best f i t t i n g  nappe shape and, i f  it 
has 3 determined coefficient r e l a t i o n ,  t o  p l o t  i t  up i n  terms o f  . 

t he  r s t i o  of head, Ho, t o  head producing bes t  f i t t i n g  nepps shape, 

!Ip. Consequently, t h e  c o e f f i c i e n t  head r e l a t i o n  of d i f f e r e n t  weirs  

a r e  reduced t o  a cotnpmable bas i s  fo r  ,analysis. Figure I ,  shows a 

t y p i c a l  work sheet  f o r  one of  the rounded c r e s t s  t e s t e d  f o r  

Boulder Dtun S p i l l m y .  It was impossible  t o  use a pe r fec t  nappe 

sh:iped c r e s t  due t o  t h e  16-foot drum g a t e s  t h a t  were i n s t a l l e d  i n  

t h e  c r e s t  r equ i r ing  a broader  c r e s t  shape than would be produced 

by t h s  same q u a n t i t y  of water f lowing over  a 3h.a-p c r e s t e d  weir. 

In f i t t i n g  t h e  nuppe shape t o  the rounded c r e s t ,  t h e  h ighes t  po in t  

of t h e  nappe shape i s  made t o  correspond t o  t h e  h ignes t  poin t  of  

t he  rounded c r e s t .  It should be kept  i n  nlind t h a t  t h e  c r i t i c a l .  

p o f i i o n  of t h e  c r e s t ,  from where ntrppe spr ings  f r e e ,  t o  just 

beyond t h e  h i s h e s t  poin t ,  should rec2ive  more 3 t t e n t i o n  than  tne 

downstream ?ort ion.  For the! Boulder Spillway t h e  b e s t  f i t t i n g  

nappe shape i s  t h o - t  produced by ho 30. Two o t h e r  shapes have 

been dravm, ha = 28 and ho = 32. The nnppe ahape produced by 

ho = 2t3 f i t s  f a i r l y  well upstream, but i s  t h o u ~ h t  t o  f a l l  t o o  far 

below t h e  c r e s t  d owlstream. The nappe shape produced by ho = 32 
i s  cons iderably  above t h e  c r e s t  upstream i n  the c r i t i c a l  region 

and i s  above downstream, ind ica t ing  t h a t  it i s  t o o  large. A l i t t l e  

p r a c t i c e  w i l l  enable  one t o  become q u i t e  s k i l l e d  i n  f i t t i n g  nappe 

shapes t o  t h e  rounded c r e s t s ,  even though t h e y  are very i r r e g u l a r .  

Figure 5 shows t h e  work sheet for ; i i l son  Dan,. Here t h e  

c r e s t  shape is n e a r l y  pe r fec t  m d  :lo t r o u b l e  i s  experienced i n  

f i n d i n g  t h e  nnppe shape t h a t  w i l i  f i t  t h e  rounded c r e s t .  

Figure 6 shows Keokuk U r n ,  which because o f  getes on t h e  

c r e s t  i s  m t h e r  broad a c r o s s  t h e  top, being termed n f l a t  topped, 

rounded c r e s t .  For f l a t  topped rounded c r e s t s ,  such as Keokuk, 

Cherokee Bluf fs  and Gatun Dams, the  b e s t  f i t t i n g  nappe shape u i l l  

a h y s  fal l  i n s i d e  t h e  rounded c r e s t ,  except f o r  i r r e g u l a r  
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Besides t h e  f l a t  topped rounded c r e s t  weir, t h e r e  i s  another  

group termed c y l i n d r i c a l  c r e s t s .  In t h i s  Group a sj-nzle  r ad iua  

i s  used t o  produce t h e  shape olr t h e  rounded weir  c r e s t ,  and the 

upstream and downstream f a c e s  of t h e  dam become tangent  t o  it. 

The nappe shape rievor exac t ly  f i t s  t h i s  type  of c r e s t ,  but it 

h a s  been found by analysis of seve ra l  such c r e s t s  and their 

c o e f f i c i e n t s  t h a t  t h e  !lead producing t h e  best  f i t t i n g  nappo 

shape is approximately 1.6 times t h e  r ad ius  used t o  f o r m  t h e  

c r e s t ;  t h a t  is, Hp = 1.6 x rad ius .  Ilehbock has a formula fo r  

detennininl:  t h e  d ischarge  f o r  t h i s  type  o f  c r e s t p  which i s  l a t e r  

discussed.  

ohnpe will star t  on t h e  upstream por t ion  a d  t.he high point of 

t h e  nappe shape t i i l l  l i e  between 0.3 and 0.6 of t h e  total 

d i s t ance  of t h e  f l a t  t o p  of t h e  c r e a t ,  measured from t h e  u p  
strenm edge o f  t h e  f l a t  po r t ion  of t h e  c r e s t .  Three nappe 

shapes hive been t r i e d  for t h e  Keokuk Dam. Keeping i n  mind 

t h a t  t h e  c r i t i c a l  region was more important t han  t h e  downstream 

por t ion ,  a nappe shape produced by ho = 13 feet was chosen. 



Chapter V 

tieisht of Weir 

Having indicated how t o  detern~ine  t h e  coef f i c ien t  of 

discharge f o r  various shapes of roimded crests, it i s  next 

necessary t o  cor rec t  t h e  c o e f f i c i e n t  f o r  t h e  inf luence  of the  

height of weir. Two correct ions  a r e  necessary, t h e  f i r s t  f o r  

t h e  k i n e t i c  enemy contained i n  t h e  ve loc i ty  of approach, m d  

t h e  second i s  a correc t ion of change i n  shape of n a p e ,  due t o  

t h e  high v e l o c i t i e s  of approach. Considering t h e  first correc t ion,  

t h e  discharge f o r  a rounded c r e s t  weir i s  given by equation (3 )  : 

Q = C L H " ~ / ~  and t h e  value of H, by 

equation ( I r )  Ho a ho + ha then 

In  t h i s  formula t h e  value of h, deperlds upon the  discharge 

of G, so t h e t  it tias t o  be solved by t r i a l .  Usually the  value 

of ha i s  f i r s t  ncglccted and t h e  K i s  obtained from Q . CL hO3l2. 

ihving determined t h e  approximete C,  ha is  determined. Since: 

then ha Q~ 
2g(P + 11,)2 

See Figure 1 f o r  nomenclature a d  sicetches, Many c o e f f i c i e n t s  

are determined from the  fornula E = KL ho3I2. Here t h e  e f f e c t  of 

velocity of approach is included i n  the c o e f f i c i e n t  K. In ~rder  
. t o  reduce a l l  c o e f f i c i e n t s  t o  a comparable bas is ,  it is necessary 

t o  modify t h i s  c o e f f i c i e n t  K so t h a t  it does not include t h e  e f f e c t  

of ve loc i ty  of appmnch. 



Lat t h e  r a t i o  Ii - " R  
C 

Then 

S u b s t i t u t i n g  i n  t h e  equat ion f o r  IZ. 

How l e t  @ be o funct ion  of K and ho such t h a t  
P +ho 

Then K - C=,-- ----------------- I/&* 

I n  F i ~ u r e  7 a graph is p l o t t e d  for va lues  of  $ in terms of 

K and ko . This method has been uned t o  reduce computed 
ho + P  

coefficient K which included t h e  v e l o c i t y  head of appmach t o  t h e  

coefficient C,  which docs not i nc lude  v e l o c i t y  head o f  uppmnch. 

The second co r rec t ion  f o r  the height of  we i r s  involves  t h e  

. v a r i a t i o n  i n  shape of t h e  nappe from a sharp  c r e s t  weir  due t o  

v e l o c i t y  of approach. S ince  ti le nappe becomes f l a t t e r  and does 





not r i s e  as h i g h  :~bove Lha sharp c r e s t e d  weir f o r  high v e l o c i t i e s  

of approach, t h e  r e l a t i on  between t h e  head measured above t h e  

highest poin t  and t he  head on t h e  weir i s  a f f e c t e d ,  

The va r i a t ion  of i s  p l o t t e d  against  
h s 

logar i thmic  paper, Fi[;ure 8. The p o i n t s  shown are  talcen from 

BezinIs d a t a  (9).  Experiments by t h e  Bureau of Fleclarnation were 

m c h  rfioro oAensive,  g i v i n g  va lues  of  ha up t o  .14, confi~mlng 
T 

t h e  extension of t h e  curves  t o  t h a t  value. 

It is shown on Page t6 t h a t  f o r  negligible v e l o c i t y  of 

a p ~ r o a c h  t h e  c o e f f i c i e n t  of discharge  f o r  a p e r f e c t  rounded 

crest weir was 3-98 .  Thi s  g ives  us the value of C when 

ho s o e  Here P = Q@ . The o t h e r  ex t rene  i s  *an P = 0 
h0 + P 

i?r h0 = 1.00. TkF: i s  ',he condi t ion  of a control sec t ion ,  
h o +  P 

end if f r i c t i o n  i s  n e ~ l e c t e d ,  t h e  -value o f  C i s  as follows: 

.ha = 1/2 h, or ha = 1/3 Ho 

The water is flowing at c r i t i c a l  depth upstream f r o m  t h e  edge, 

where t h e  head ho i s  measured. 

Then 2 = 1/2 ho =-.1/3 Ho. C o n s i d e r t ~ g  a u n i t  wide strip 
2e 

V = e  s i n c e  

ho 



Thus t h e  coeff ic ient  of  discharge v a r i e s  from 3.981 when P = W 

t o  3,087 when P = 0. 

To calcula te  t h e  t ,heoretical  coefficient Ct fo r  various values 

of hs assume t h a t  the discharge aver  a un i t  length of  sharp 
h, + P  

c re s t  weir given by: 

Then Horn h,ch,  - E = See Figure 1. 

The cocfi ' icient of d ischarge  f o r  sherp crest  weirs has been 

~ i v e n  by varioiis t!:thars. Here t h e  vaLue of i0/3 fo r  C, is used. 

This value has been found t o  f a i r l y  well approximato t h e  coef- 

f i c i e n t  f o r  w o i r s  of d i f f e r en t  heights .  That tbis value i s  not 

exactly correct  i s  show. by the fac t  t h a t  *en p = 0 tha discharge 
coefficient would be 3.333 instead of 3.087. 

Then 



Figure 8, t h e  corresporlding value of E a r e  found and t h e  values 
h s 

of Ct  may be con;:uted. It i s  required t o  determine Ct i n  terms 

Ks hs z/2 P " -7 - 1 1 ~ -  But V = v2ghaD. 

From cons idera t ion  of Figure 1. 

1 A 

Then Ifo = 1 -&+$ 
11, + P 

1 + 
hs hs 





Since % has  beon computed, t han  E can be ca lcula ted .  
h, + P h8 

The c a l c u l a t i o n s  are shown i n  Table 1, and t h o  value of  Ct p lo t t ed  

h  0 against  - i s  shown i n  Figure 9. 
ho+ P 

The t h e o r e t i c a l  c o e f f i c i e n t  of  d ischarge  v a r i e s  due t o  a 

chzn,pe o f  shape of nappe with d i f f e r e n t  v e l o c i t i e s  of approach. 

This  v a r i a t i o n  i s  computed on t h e  bas is  of a rounded c r e s t  weir 

f i t t i n g  t h e  nappe shape f o r  d i f f e r e n t  v e l o c i t i e s  of  approach. 

This t h e o r e t i c a l  c o e f f i c i e n t  Ct is t h e  m a i m u m  c o e f f i c i e n t  t h a t  

can be obtained wi thoct  obta in ing  negat ive  p res su res  on t h e  face  

of t h e  weir. T h i s  r e l a t i o n  of  v a r i a t i o n  of t h e o r e t i c a l  c o e f f i c i e n t  

with t h e  height  of rounded c r e s t  wei rs  may be expressed as a r a t i o  

of c o e f f i c i e n t  Ct, w i t h  t h e  value of 3.98, t h e  t h e o r e t i c a l  coef- 

f i c i e n t  without v e l o c i t y  of approach considered as a standard.  
h  This  r a t i o  & or  ? is p l o t t e d  against both Ho and o  , 

3-98 Ho* P ho+ P 

i n  F i g u r e  10. It i s  l o g i c a l  t h a t  a l l  c o e f f i c i e n t s  f o r  high weirs 

wi thou t  v e l o c i t y  of approach, r ega rd le s s  of t h e  head, could be 

reduced by t h e  r a t i o  Y /  i f  t he  dam s i l t e d  up or t h e  P of  t h e  

rounded c r e s t  weir  was reduced. The r z t i o  t o  use would be that 

obta ined  from Fi~ure 10, t h e  new P being ueed in c a l c u l a t i n g  

Ho . The converse of t h i s  is e l s o  true , given the cocf f i c i a n t  
_I_ 

Ho+ P 

f o r  n low rounded c r e s t ,  by dividing it by t h e  r a t i o  by t h e  coef- 

ficient w i l l  be obtained,  t h a t  t h e  c r e s t  would hove had, had it 

been a h igh  weir with n e g l i g i b l e  v e l o c i t y  of approach. The model 

of Boulder Spillway c r e s t ,  shown 3_n Figure 4, was t e s t e d  with tm 

d i f f e r e n t  hei,ghts of f l o o r  in t h e  approach channel. The c o e f f i c i e n t ,  

where ? e q u d s  30 feet,  i s  about 24 percent  lowrr  t h a n  for P equals 

90 feet. In order t o  m k e  the two c o e f f i c i e n t s  curves comparable, 

it i s  necessary t o  correct t hose  wi th  P equals  30 feet fo r  t h e  

e f f e c t  of a l a r g e r  v e l o c i t y  head of approach produced by t h e  lower 



T A B L E  I 

CALCULATION FOR REDUCTION RATIO 
DUE TO CHANGE OF NAPPE SHAPE WITH VELOCITY O F  APPROACH. 

.x Two values o f  h,,/hs ortse trom f a c t  t n a t  for  p = O the  c o e f f ~ c i e n t  of discharge CS  fo r  shurp c res t  weir has 
two values C S  = 3 087 being for broad c r e s t e d  welrs and i s  correct .  Cs = 10/3 is value assumed fo apoly through- 
out range of  h, / ( hs + p), but v a r ~ o t ~ o n s  when hs  / ( hS + D) IS  equal f rom .80 to 1.00 1s n o t  well understood. 





ueir. T h i s  is done by zosuming var ious  11, c a l c u l a t i n g  t h e  value 

of - )  H~ then  determining the reduct ion  r a t i o  Y from F i w .  
H o +  P 

10, and then  d iv id ing  t h e  c o e f f i c i e n t  c o r r e o p o n d i n ~  t o  t h e  

assumed head by the  reduct ion  r a t i o .  This  has b ~ e n  done f o r  t h e  

c o e f f i c i e n t  o b t a i n e d  with P equals 30 feet and the resulting 

curve f d l s  nea r ly  cn t o p  of  t h e  one wi th  P equals  90 f e e t .  





Discussion of Resu l t s  

There a r e  73 d i f f e r e n t  ;-ounded c r e s t  shapes anslyzed, 

composed of 47 f r e e  rounded c r e s t s  without p i e r s  o r  ga t e s ,  and 

31 rounded c r e s t s  with ga tes .  Many of the  c r e s t  shapes were 

t e s t e d  with p i e r s ,  and then were t e s t e d  again without p i e r s .  

Such cases  were counted as one c r e s t  shape. The number of coef- 

f i c i e n t  s versus  head r e l a t i o n s  analyzed was g r e z t e r  f o r  t h e  

reasor? s t a t s d  above and a l s o  many o f  t h e  c r e s t  shapes were 

modified by a chnr~ge i n  height  of weir  or  slope of t h e  upstream 

o r  domst,rcnrn face.  Fifty-two coe f f  i c i e n t  head r o l n t i o n s  were 

front f r e e  c r e s t s ,  e igh t  from rounded c r e s t s  with only  one gate  

discharging,  and forty-two wcre from rounded c r e s t s  with t h r e e  

o r  more ga te s  d ischarg ing ,  n~aking a t o t i d  o f  one 'lundred and two 

c o e f f i c i e n t s  versus  heald r e l a t i o n s  analyzed. Oi' t h e s e  f i ~ a r e s  

about 1 5  percent  of t h e  d a t a  was c o n f i d e n t i a l ,  and consequently 

t h i s  d a t a  does not  appear i n  t h i s  t h e s i s ;  however, it shows c lose  

agreement with t h e  r e s u l t s  s:?own h&ein. f4ost of  t h e  rounded 

c r e s t s  analyzed were from models; however, seven of t h e  c r e s t  

ollapes t e s t e d  were ' f  ror.  prot&ype s t r u c t u r e s .  Here, - 5 i n  all 

hydraul ic  work, t h e r e  i s  a l a c k  of  d a t a  from prototype s t r u c t u r e s .  

A s  previous ly  explained, t h e  data were d iv ided  i n t o  t h r e e  . 

g e ~ l e r a l  classcs, depending upon t h e  na tu re  of contrcictions. 

Class 1. Containing f r e e  rounded c r e s t s ,  without p i e r s ,  

and w a s  n;:ain d iv ided  into llAu curves and "Bff curves, bocauae 

of t h e  l a r g e  number of curves ( see  Tzbles I1 and 111). In 

genera l  t h e  I fAl t  curves  have l e s s  a c t u a l  head on t h e  c r e s t  t h a n  

do t h e  "BH curves. 

Slass If. Contains a l l  t h e  d a t a  from rounded crests with 

only one ga te  discharging.  The curves a r e  termed "Ctl curves 

( see  Table IV). 



more ga te s  discharging.  T h i s  c l a s s  i s  d iv ided  i n t o  two 

groups. The da ta  from c r e s t s  with r ~ d i a l  ar Stoney gates on 

them a r e  termed ItDt1 curves, and thosc  from crests with drum 

g a t e s  a r e  ternied "E" curves. It was f i r s t  thought t h a t  because 

t h e  drum ga te s  had t o  be s e t  i n t o  t h e  c r e s t ,  t!;;tt c r e s t s  l a r g e r  

t h a n  usual  would be needed. La te r  it. was found t h a t  the f a c e  

p l a t e s  of t h e  d r u m  g a t e s  could be r o l l e d  according t o  compound 

r a d i i ,  which i n  t u r n  would very n e a r l y  approximate t h e  lo.(u.er 

nappe shape from a sharp  c r e s t  weir. There i s  no marked 

d i f f e r e n c e  between t h e  "DU and WE" curves. 

I n  t h e  Tables I1 t o  V an explanat ion 01 some columns i s  

appropr ia te .  I n  Column 4, t h e  head t o  produce t h e  Lest f i t t i n g  

nappe shape is  l i s t e d .  I n  t h e  c a s e  of niodels, t h e  Hp i s  l i s t e d  

i n  tem.9 of the prototype s t r - ~ c t u r e ,  except here  t h e  model was 

not of any p a r t i c u l a r  pro to type  s t r u c t u r e ,  in which case, t he  

a c t u a l  hend on t h e  model i s  l i s t e d .  

Coluvn 5 gives the  c o e f f i c i e n t ,  anless otherwise' s t a t ed ,  

when t h e  *o = 1.00. h3en t h e  c o e f f i c i e n t  curve does not  e x t c d  - 
H~ 

H t o  3 , 1.00, t h e  cocfFicinnt is ~ i v e n  as %he value of q, sta ted  

H~ H~ 
a f t e r  t h e  c o ~ f f i c i e n t .  

Colunn 11 gives t h e  t ype  of curves ucsd to  rake up t h e  profi le  

of the rounded c r e s t s  i n  t h e  c r i t i c a l  re&ion;  beginning with t h e  

upstream ed,ye first. 

C o h ~ m  1 2  gives t h e  source of +,he d a t a  2nd r e f e r s  t o  t h e  

reference number listed i n  thq Ribliography. 

In analyzing t h e  available d a t a  on rounded c r e s t  weirs, it 

was firsot necessary  t o  clnssify it according t o  the condi t ions  of 

of contractior. .  Next a work sheet  was prepared similar t o  those  

s!~own i n  Figures 4,  5, and 6 ,  f i r s t  p l o t t i n 8  t he  coefficient versus 

head rela',.ions, t hen  t d c i n g  a cross-sect ion of t h e  rounded c r e r t  
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t h e  a c t u a l  head on t h e  c r c s t  was not e-xtended much beyond lip 

( t h e  helid producing tho  best f i t t i n g  nappe), thus t h e  r a t i o  

of 'In w i l l  i nd ica te  t h e  magnitude of t h e  m a ; d m u m  ve loc i ty  
i' + H p  

of approach. T h i s  r a t i o  i s  l i s t e d  i n  Co!.um 10 of the  Tables 

11, 111, IV, and V ,  f o r  a l l  c o e f f i c i e n t  curves. "krnen t h e  coef- 

f i c i e : ~ t  K,  which includes ve loc i ty  of approach is  given and t h e  
H P r a t i o  i s  g r e a t e r  t h a n  .010, it WRS necessary t o  cor rec t  

Hp+ P 

the  c o e f f i c i e n t  a s  previously explained f o r  kinetic head. It was 

n o t  necessary t o  cor rec t  f o r  chzinge i n  nappe shape due t o  v e l o c i t y  

of approach unless the value of 'P becane greater t h v l  .250 
lip + P 

a t  which value the correc t ion would decrease t h e  value  of t h e  coef- 

f i c i e n t  one-half of one percent,  See Figure 10. Af ter  this was 

done t h e  coef f i c ien t  "C"  was plo t t ed  a ~ a i n  & r a t i o  of head on c r e s t  

*P 
t o  hecd prod: lc in~ best fitting nappe shape. ;ill the  c o e f f i c i e n t s  

H versus r a t i o  2 curves from 9 given group were traced onto a 
Np 

comon sheet  .and t + e  base curves f o r  t.hzt group were found by 

avera::ing t h e  curv.zs. That is, f o r  various 5 r a t i o s  t h e  

lip 
r .morica l  V L I ~ U ~ Z  of t h e  c o e f f i c i e n t  were added w.d the sum 

divided by t h e  number of curves involved. The t h r e e  base curves 

l J I1C1l, and IfDfl, together  with most of t h e  c o e f f i c i e n t  curves 

used i n  making them up, art: shown in Figures 11, 12, 13, and 14. 

The m a x i m u m  deviat ion of m y  coef i'icient curve from t h e  

base curve i s  plus o r  minus 4 percent when 5 i s  greater than 
LI 

"P 
0.50. Below t h i i ;  value sever-al of t h e  curves fall considerably 

below t h e  base curves. This may bo explainad by t h o  fact t h a t  

smll  inaccuracies i n  measurement o f  discharge o r  h e ~ d  w i l l  result 

in greater e r r o r s  i n  c o e f f i c i e n t  it low hec;ds than at high heads. 

Also many h y d r s u l i c i , ~ ~  are prone t o  c a r r y  t h e  coef f i c ien t  of 



WEIRS WITH FREE ROUNDED CRESTS 
( W I T H O U T  P IERS OR G A T E S )  

"A" CURVES 



WEIRS WITH FREE ROUNDED CRESTS 
(WITHOUT PIERS OR G A T E S )  

"B" C U R V E S  



WEIRS WITH GATES ON ROUNDED CRESTS - "GI' CURVES 
DISCHARGE FROM ONLY ONE GATE 



WEIRS WITH PIERS AND GATES ON ROUNDED CRESTS 
DISCHARGE FROM THREE OR MORE GATES 

"0" Curves w ~ f h  Stoney or R a d ~ a l  Gate5 on Cres ts  
"E" Curves  wl th Drum Gates on Crests 



c o e f f i c i e n t  f o r  zero head would be 3.08; however, f r i c t i o n  losses ,  

depending upon t h e  p r a r t i c d & r  setup, reduces t h i s  value. For 

most curves studied i n  which no attempt was made t o  extend t h e  

curves through zero, an average value of 3.00 w a s  found. 

A s  i n  most all engineering work, the re  a re  s t e p s  i n  t h e  

analyzing where good j u d p e n t  and experience a c t s  a s  a guide. 

Here i n  t h e  se lec t ion of t h e  proper nappe shape t o  f i t  t h e  rolmded 

c r e s t  weir prof i l e ,  the most thought and careful  work must be 

exercised. For m m y  of  t h e  most d i f f i c u l t  rounded c r e s t  shapes, 

severa l  d i f f e r e n t  nappe shapes were t r i e d ,  as was noted f o r  

Boulder Dm, Figure 4, and Kaohzlk, Figure 6, which wem t l ~ a  most 

d i f f i c u l t .  Three of t h e  nappe shapes t r i e d  f o r  t h e  Keohk 

rol.mded c r e s t  a r e  shown i n  t h e  f igure ,  For each of  t h e  nappe 

shapes t r i a d  the  corresponding coef f i c ien t  versus 5 r a t i o  h a s  

H~ 
been shown. For Hp equals  10 feet,  Condition I, Figure 3, wiU 

erJst. The nappe shape i s  almost a perfec t  f i t  upstream from t h e  

c r e s t  and a pgs i t ive  pressure K i i l  e x i s t ,  hthile downstream from 

t h e  c r e s t  t h e  nappe shape f a l l s  under t h e  masorlry out l ine ,  and 

pressures w i l l  be produced which will decrease the coef f i c ien t .  

Consequently t h e  coef f i c ien t  versus head r a t i o  i s  below th4 

base curve. 

For Hp equxls 18, t h e  nappe shape i s  near ly  s perfect  f i t  

i n  t h e  c r i t i c a l  regian downstream from t h e  c r e s t ,  but i f  t h e  

shape were moved upstream so that t h e  highest point  of the  nappe 

correspollded t c r  t h a t  f o r  [Ip equals  10 o r  13, the  upstream port ion 

of t h e  nappe ohape wduld f a l l  ou t s ide  of  t h e  rounded c r e s t  .of t h e  

wcrir and  a vacuum wollld produce r e s u l t s  sirr.ilar t o  Condition 111, 

Figure  3. This vacuum 1s evident ly  g r e a t e r  than the pressure i n  

the  reg ion  down st re an^ from t h e  c r e s t ,  and t h e  r e s u l t  is  a coef- 

f i c i e n t  t h a t  i s  higher than t h e  base curve. Keokuk Dam has a 

f l a t  topped rounded c r e s t  weir pad i s  not  of recent  designs where 

t h e  laws t~overning pressure d i s t r i b u t i o n  and values of c o e f f i c i e n t s  

a re  wel l  known. 



i s  t h a t  of Wilson Dam, Fi,gura 5, and t h e  rounded c r e s t  w e b  

t e s t e d  by Glen Cox at  t h e  Univers i ty  of Wisconsin, Figure 15. 

Iiere two d i f f e r e n t  nappe shapes w e r e  t r i e d  w i th  Hp equals  1.3 
nnd 1.4 f e e t ,  and the  corresponding c o e f f i c i e n t  versus r a t i o  5 

H~ 
were p lo t ted .  In t h e  case of Keokuk, t h e  nappe shape t r i e d  va r i ed  

from Hp equals  1 0  f e e t  t o  H equals  16  f e e t ,  a variat,ion o f  38.5; 
P 

percent  from t h e  nclppe shape se l ec t ed ,  while  i n  t h e  present  case  

of t h e  'disconsin model, t h e  v a r i a t i o n  is only about 7.7 percent .  

The nappe shapes t h a t  might be t r i e d  a r e  much more l i m i t e d  and 

t h e  s e l e c t i o n  i s  e a s i e r ,  t h u s  t h e  e r r o r  t h a t  might be made Fn 

s e l e c t i n e  a c o e f f i c i a n t  f o r  such a rounded crest weir des i fged  

by modern p r a c t i c e s  i s  much l e s s ,  

For  t h e  rounded c r e s t  weir t e s t e d  at Wisconsin, t h e  nappe 

shzpe produced by a head of 1.3 f e e t  was se l ec t ed ,  although the 

nappe shzpe produced by a head of 1.4 feet is n e a r l y  as good a 

f i t .  The nappe shape produced by a head of 1.I f e e t  l i e s  s l i g h t l y  

below t h e  masonry line of t h e  c r e s t  upstream, and downstream l i e s  

above it. Consequently, t h e  d i s t r i b u t i o n  of p re s su res  i s  sFmi1a.r 

t o  Condition V, Fi,gure 3 ,  and i f  t h e  dormstream negat ive  p res su re  

i s  l a r g e r  will give  c o e f f i c i e n t  h igher  th sn  t h e  base curve. The 

nappe shape produced by a head of 1,3 lies both above and below 

t h e  rnasotlry l i n e  upstream, and  it i s  l i k e l y  t h a t  t h e  negat ive  and 

p o s i t i v e  pressure  balance one another ,  while  downstream t h e  f i t  

i s  very  good u n t i l  some d i s t ance  below t h e  downstream lim3.t of 

t h e  c r i t i c a l  s e c t i o n  where t h e  nappe shape lies below t h e  niisonrj 

line. The p o s i t i v e  pressure  formed in this region is t o o  far 

downstream t o  have any appreciable e f f e c t  on t h e  c o e f f i c i e n t .  

: ; l~i le  i r r e g u l a r  c r e s t  shapes are d i  f f  i c d t  t o  ana lyze  yst 

because of  rol lers  forming i n  the spaces where t h e  nappe shape 

fo rns  a pocket above t h e  masonry, t h e  resulting c o e f f i c i e n t  versus 

go curve compare very favorably  with c r e s t s  t h a t  nea r ly  conform t o  - 
I ~ P  1 

t !~e lowe7 nappe shape. 
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how t h e  c o e f f i c i e n t  could be increase6  beyond t h e  valuo of  3.98. 

h p e r i m e n t s  by Dillmann (7) ,  Figure 16, i l l ~ s t ~ r a t e s  t h i s  phenomena. 

Unfortunately h i s  crest.  shspes do not p e r f e c t l y  f i t  t h e  lower nuppo 

shape from sharp  c r e s t  weirs ,  but  the  npproxima.tion i s  f a i r l y  good 

(note f i t t i n g  of nappe shape t o  rounded c r e s t s  i n  lower s igh t  hand 

corner  of Figure 1.6). I n  h i s  experiments h e  used rounded c r e s t  

weirs t h a t  were geometr ica l ly  s imi ln r ,  t h e  s i z e  beinf: c o n t r o l l e d  

by a e o n s t a ~ l t  " K n ,  wh ich  wds t h e  head on a sharp c r e s t  weir ,  

producing t h e  nappe shape t h a t  t h e  rounded c r e s t  weir approxina te ly  

f i t .  If h i s  rounded crest weir had exac t ly  f i t  t h e  nappe shape, H~ 
would equal  .88O K; however, it was found t h a t  IIp equa l s  .900 K. 

For Crest  shape No. 1, ( v e r t i c a l  ups t rean  face)  rounded c r e s t s  

were made up f o r  K e q u a l s  20, 50, 60, 120, 150, 170, and 220, For 

c r e s t s  with K equals 20 and 50, t e s t s  were made with po equa l  t o  

both 300 and 100, t h e  r e s t  were t e s t e d  with p equa l s  300. 

!*!hen t h e  hand w a s  increased  t o  beyond a rz.t.tic 5 = 3.60 f o r  
H 
P 

c r e s t s  with K1s of 20 and 50, t h e  nappe springs f r e e  from t h e  c res t  

and t h e r e  was a decrease  i n  c o e f f i c i e n t .  Frcssure measurenents on 
M t h e  c r e s t  showed t h a t  f o r  2 equal from zero t o  one, Condition I, 

H~ 
Figure  3, ex i s t ed ,  w!?Qe fo r  5 equal  f r o a  1.03 t o  3.60 Condition 111 

ti 
P 

ex i s t ed .  The coef f ic ien ts f rorn  t h e s e  var ious  c r e s t s  were analysed by 

t h e  method out l inet i  above ;utd were found to agree w i t h  Base Carve 

lth" as far as i t  extended, 

These experiments were perforn~ed on very s m : i l l  models lip 

equcls 0.059 f e e t  f o r  K equals 20; however, t h e y  agree  i n  the 

lower region HO - 0 t o  Eo = 1.40 with t he  Base Curve "A" derived - -  - 
H, H, 

frorr much l a r g e r  models, and even prototype s t r u c t u r e s .  For Crest  

?!o. 1 t h e  var i a t ion  of s i ze  of c r e s t  d i d  not produce any cons i s t en t  

v a r i a t i o n  i n  the coefficient . The maxlmurn v a r i a t i o n  i n  caeff i c i e n t  





t,o prove t h a t  thore  is no v a r i a t i o n  i n  c o e f f i c i e n t s  due t o  s i z e  

of c r e s t .  

The p o s i t i o n  of Curves No. 4 and 6, Figure 16, wi5h r e s p e c t  

t o  Curves !!o. 5 and 7, f r o m  wei rs  which a r e  over four  t imes  a s  

l a r g e ,  seems .to c o n t r a d i c t  t h e  above s t a t e m n t .  But it i s  be l ieved  

t h a t  i n  t h e  case of t h e s e  c r e s t  shapes t he  models w i t h  K equa l s  50 

and 45 were t o o  small, sin,ce weirs with l a r g e  "Kt' of 120 and 130 

gave curves  p l o t t i n g  i n  t h e  immediate v i c i n i t y  of  Curves 5 and 7 
f r o n  t h e  weirs  with K equals  220. 

These curves a l s o  show t h a t  n e i t h e r  an upstream s lope  o r  an 

overhang produce any apprec iab le  change i n  the  c o e f f i c i e n t  of 

d ischarge  f o r  rounded crest weirs.  A few engineers  have attempted 

t o  express  t h e  c o e f f i c i e n t  of d ischarge  f o r  rounded c r e s t  we i r s  by 

e i t h e r  a formula or  p l o t t i n g  of t h e  var ious  p e r t i n e n t  f a c t o r s .  The 

German engineer ,  Rehbock (ll) has  suggested t h e  f orrnula f o r  

c y l i n d r i c a l  rounded c r e s t  w e i r s .  

/ 
Here t h e  cocf f i c i e n t  /(l2 i nc ludes  v e l o c i t y  of approach and t h e  

d ischarge  i s  ~ i v c n  by Q = 312. The symbol WR" expresses 

t h e  r ad ius  of  curva ture  of t h e  c y l i n d r i c a l  c r e s t .  The fo l lowing 

lirnits are placed on t h e  f a c t o r s  of f o ~ u l a  (22) : 

P > R 7 0.07 f e e t  

For negligible v e l o c i t y  o f  approach P i s  very l a r g e ,  approaching 

i n f i n i t y ,  and the l a s t  term of t h e  equ:ition may be dropped. 



rollnded c re s t  weirs, t h e  :iuthor found that  Hp 1 1.6R, Page 21. 

Since : 

and f o r  ne[;ligible ve loc i ty  of approach ho = Ho, t h e  formula 

becomes : 

c = 5.35 d-j - 23. 
The v a l u e s  of C a r e  p lo t t ed  agains t  5 , F i m e  17, and t h e  

:r 

r e s u l t s  compared with t h e  Base Curve uA1t .  The agreement i s  very 

good; however, it should be remembered t h a t  Rehbockls formula i s  

l i m i t e d  t o  c y l i n d r i c a l  rounded c r e s t  weirs. 

The l a s t  term of Rehbockls formula which c o r r e c t s  f o r  ve loc i ty  

of approach, both due t o  change i n  shape of nappe and kine t i c  head, 

s ~ ~ g y e s t s  t h a t  comparison ni~ht be made w i t h  r a t i o  $ and obtained 
a 

by t h e  author. S h c e  t h e  nethod used t o  ge t  t h e  correc t ion # f o r  

the k i n e t i c  head contained in t h e  water approaching t h e  weir 'has 

been used by other  hydraulicinns and h a s  proven s a t i s f a c t o r y ,  it 

w i l l  be considered ~s correct .  

The l o s t  term 0.09 3 can be computed fcr var ious  values of 
P 

t h e  r a t i o  ho and added t o  t h e  t h e o r e t i c a l  c o e f f i c i e n t  Ct 
h, + P 

obtained by solving the  Equation 22 with = 1.00, t h a t  is 
H, 
P 

ho , 1.6h0 - - _ - -  1.60. This means t h a t  the nnppe shape tha t  best  
R H~ 
f i t s  the  c y l i n d r i c a l  rounded c r e s t  weir  conforms t o  the lower 

surface of the  rlappe shape f o r  t h e  various h e i g h t s  of weirs. The 

E3quation 22 now beco~nes: 





The limits placed on Formula 24 are t h e  sarns as those  on 

Formula 22, but may be expressed i n  d i f f e r e n t  terms so as t o  be 

comprehended morc r ead i ly .  

Since R = -624 H~ 

a l s o  

If P = ~0 ho d 3.75 Hp, which is t h e  poin t  where t h e  napp 

shape spring3 free f r o a  t h e  rounded c r e s t .  If P becomes as small 

as poss ib le ,  t h a t  is  ? = -625 Hp, t hen  ho 2 -625 Hp. 

S ince  t h e  s o e f f i c i e n t  K con ta ins  both corr-ect ions it w i l l  be 

divided by ft$?hl c o r r e c t i o n  f o r  k i n e t i c  energy f o r  t h e  va lue  o f  

ho , t h e  r e s u l t  w i l l  be t h e  t h e o r e t i c s 1  Ct f o r  t h a t  p a r t i c u l a r  
h,+ P 

height  of weir expressed by ho . The r e s u l t s  of  t h e  process  
ho + P 

i s  shown on Fidure 9. T L ? i s  curve  is concpared t o  t h e  one by t h e  

au thor  obtained f o r  munded crest lreirs conforming t o  lover nappe, 

while t h e  Rehbock curve i s  f o r  n cylir1'1rica.l c r e s t .  The gene ra l  

t rond  of  Rehbock'e c o r r e c t i o n  i s  t h e  same as t h a t  derived by t h e  

author ,  but t h e  c o e f f i c i e n t  obta ined  by Rehbock is: much larger fo r  

va lues  up t o  about ho - G 5 ,  and drops much lower when 
ho + P 

h, = 1.00. However, t h e  limits placed on Equ-ation 2 2  ,pad 24 probibit* 
h, + P 

i t s  use for va lues  o f  ho g r e a t e r  than  .62. 
h, + P 



I n  t h i s  d i scuss ion  it must be ron~ombered t h a t  the  correct,ion 

f o r  k i n e t i c  head w:%s t h a t  used by t h e  author ,  as t h i s  was t h e  only 

means a v a i l a b l e  t o  s e ~ r i r a t e  t h e  two c o r r c c t i o r ~ s  contained i n  t h e  

l a s t  term of  Squation 22 and 24. 

K r .  J. J. Dolclnd (33)  began working independently on t h e  

problem of c o e f f i c i e n t s  f o r  founded c r e s t s  and obta ined  much of 

t h e  datii  analyzed i n  t h i s  thesis frorn Professor  E. W. Lane and 

t h e  a~:thor. 

Professor  Doland has t h e  s m e  idea of r e d u c i n ~  a l l  coef- 

f i c i e n t s  versus head r e l a t i o n s  t o  a conrnon denominator; however, 

h i s  approlch is d i f f e r e n t .  The cross-sect ion of t h e  crest i s  

p l o t t e d  2nd then a c i r c l e  i s  cons t ruc ted  which w i l l  b e s t  f i t  t h e  

ro~lnded c r e s t  snape. The r ad ius  of t h i s  c i r c l e  "f in  i s  used t o  

reduce t h e  coef f i .c ien t  versus  head r e l a t i o n s  ' to a common base. 

fie p l o t t e d  h i s  rcsul t ,s  on logar i thmic  paper and expressed  t h e  

r e s u l t s  i n  the form of an equation. 

It is now necessary t o  determine Kt a r ~ d  N from t h e  

b o g a r i l h r i c  p lo t t i ng .  The I< '  i s  t h e  i n t e r c e p t  at 3 = 1, and 
Ho 

N i s  t h e  slope of t he  curve. Since  the  group of curves do no t  

seem t o  be averaged by a s t r a i ~ h t  l i n e  it i s  hard t o  determine 

KI and N. An attempt was made t o  determine t h e  cons tan t ;  however, 

it i s  realized t h a t  another  person might ob ta in  different r e s u l t s .  

Since  it was found t h a t  Hp = 1.6R and the  average value of t h e  

s lope  was  founc: t o  be -1331, t h e  i n t e r c e p t  at AH_ a 1 was 3.60, 
H 0 

Equation 25 becomes: 



H T h i s  r e l a t i on  of C t o  _I! rra? p lot ted o : ~  Fij;ure 17. The 
iip 

curve f d l s  below t h e  Bqse Curve I~I'L", the diacrepmcy being larger 

fo r  value of Iio g rea te r  than .60. M r .  Ross N. arudenell (34) in - 
o discussicn of I*!r. Doli.ind s zrtl.cle sugeested t,hat : 

(312 + f!) 
(: = C t  LH, ----------- I!, 27- 

He fur ther  suggested t h a t  Ct = 3.97 m d  t h a t  l = -12. The formula 

applied t o  rounded c res t  weirs which are shaped t o  f i t  t h e  lower 

nappe from a sharp c r e s t  weir. Equation 26 becomes: 

The equation r n s  plotted in Fi:;ure 17 and agrees f a i r l y  w e l l  vlth 
H the Base Curve t1A", except f o r  value of ~ ( r e a t e r  than 1.2. 

llp 
f l  Equations 26 and 29 give a coef f ic ien t  of zero when 2 equals zero. 

I1p 
Reltbockls Formula 22 gives  a coef f ic ien t  of 1.66 when the ratio 

Iio equals mera. As previnusly pointed cut the coef f ic ien t  should - 
H~ 
be somewhat less than 3.08, but c e r t a in ly  not 1.66 o r  zero, when- 

ever 5 equals zero. 

H~ 

The author has expressed his r e s u l t s   it^ the  form of curves, 

Figure 18, but s i n c e  some engir~eers prefer  working wi th  equations. 



RATIO OF HEAD 0P.I CREST TO HEAD THAT PRODUCES BEST FITTING MAPPE 

BASE CURVES 
DISCHARGE COEFFICIENTS 

A - Free Crcst-no plers or gates 
c---- Stoney gates on Cresf- I gate open 

D-- Stoney or  Drum gates on Crest .- 3 open 



an attempt was made t o  axpress t h e  baoe-curve as an equation. 

The ee t~era l  form of the! oquation is: 

K1. K2. and N are c o ~ ~ a t a n t s  t o  be determined. If (C - K1) ie 
plot ted  aeains t  5 on logari thmic paper, t h e  s lope  of t h e  l ine  

lip 
will give N and t h e  intercept a t  5 = 1, w i l l  determine K2. The 

H~ 
value of K1 i s  found by trial and error. should be of such 

value that (C - K1) p lo t t ed  agains t  5 will give a s t r a i g h t  l i n e .  

H~ 
I n  order  f o r  C t o  be 3-00  when - Ho equals zero, K1 would hhve t o  

H~ 
bc 3.00. However, h e n  t h i s  value was used, the value of (C - 3.00) 
plotted against fo d i d  not result i n  a s t r a i g h t  line, but was 

I I 

' 'P 
s l i g h t l y  curved. For Base Curve flA1l, Kl was found t o  be 2.86, 

and t h i s  value was found f o r  Base Curve D, while some o the r  values 
1 

for  K1 d ~ h t  have been used f o r  Base Curve C,  ye t  the  same value 

of 2.26 f o r  K1 was found t o  give appro.xbw~tely a s t r t l ight  l i ne .  

So as t o  have t h e  constant  K1 t h e  scme f o r  dl base curves, it was 

used for Base Curve C. 

It i s  l o g i c a l  t h o t  ne i the r  t h e  p i e r s  o r  numbers of gates  open 

should materially a f f e c t  t he  i i n c i t  of t h e  c o e f f i c i e n t  when t h e  head 

on t h e  weir approached zero. The coeff ic ient  of 2.66 for  t h i s  

l i m i t  i s  much more l o g i c a l  than zero or  some much lowor value, 

s ince  it i s  conceivable t h a t  the  t h e o r e t i c a l  c o e f f i c i e n t  of  3.08 

f o r  brcad c r e s t  weirs could be reducad by f r i c t i o n  t o  2.66, 

espec ia l ly  a t  low 5ezd where f r i c t i o n  would play e s i g n i f i c a n t  
' 

role.  

With K1 = 2.86 t h e  base curves were plo t t ed  on logari thmic 

paper, Figure 19, and K2 m d  N determined. 





For Bass Curve ItCu N = .64 and K2 t 0.96 

For Base Curve #IDn N = .55 and K2 = 1.06 

These values give t h e  following equations f o r  t h e  coef f i c ien t  of 

discharge i n  t h e  formula: ... 

For Rase Curve f r e e  rounded c r e s t  we i r s  without p i e r s  o r  

ga tes  : 

For Unse Curve I fC" rounded c r e s t  weirs w i t h  p i e r s  and gates  (one 

gate  (snly discharging) : 

For Base Curve ' I D H  rounded c r e s t  weirs with p i e r s  and g a t e s  ( th ree  

or more ga te s  discharging): 

The ac tua l  rpnge of t h e  equation i s  l h i t e d  by their der ivat ion 
H t o  values of 2 0.0 to 1.40. These equations are applicable when 

IIP 
H 0 - i s  l e s s  than .30. !tihen t h i s  l i m i t  i s  exceeded they should be 
Ho + P 

correc ted  f o r  a decrease i n  c o e f f i c i e n t  due t o  t h e  lower heieht  weir, 

by us ing  t h e  greph, Figure 10, fo r  t h e  reduction r a t i o  Y which is  

d r a m , u p  i n  terms of  Ho . Expressing this in t h e  fcjrm of an 
tio + P 

equat ion when Ho I s  greater than .)0, t h e  ciischarge f o r  rounded 

% + P  

c r e s t  weirs i s  given by: 



For free rounded crest weirs K2 - 1.12 and N 1 .60. For 

rounded crests with one gate discharging, K2 -.96 and N - .64. 

For three or more ga,tes dischtsrging h'2 - 1.06 and N = .58. 

See Fizure 10 for value of . 
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